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Abstract An ordered hierarchical meso/macroporous
monoclinic bismuth vanadate (BiVO4) particle was fabricat-
ed for the first time by a simple two-step melamine template
hydrothermal method followed by calcination. The
physiochemical parameters of as-prepared porous materials
were characterized by means of X-ray diffraction, scanning
electron microscopy, high-resolution transmission electron
microscopy, Raman, Barrett–Emmett–Teller, and UV–vis
techniques. The nitrogen adsorption–desorption measurement
and pore size distribution curve suggest that meso/macropores
exist in these hierarchical microarchitectures. Further, it is
found that melamine plays a significant role in the formation
of porous BiVO4 particles, and when a known amount of
melamine was added, the surface area and pore size of such
porous BiVO4 particles were increased. The photocatalytic
activities of the as-prepared hierarchical BiVO4 samples were
measured for the photodegradation of Congo red aqueous dye
solution under visible light irradiation. Surprisingly, the po-
rous BiVO4 particles showed outstanding photocatalytic ac-
tivities than polycrystalline BiVO4 sample. The possible
enhancement of such catalytic performance has also been
further discussed.
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Introduction
In the past three decades, a lot of investigations have been
focused on the fabrication of various non-titania-based vis-
ible light semiconductor photocatalyst for their wide appli-
cations in degradation of organic compounds. Among the
various non-titania-based visible light driven semiconductor
photocatalyst, vanadates like bismuth vanadate (BiVO4)
(Tokunaga et al. 2001; Kudo et al. 2004; Li et al. 2008),
InVO4 (Ye et al. 2002; Zhang et al. 2006a), YVO4 (Xu et al.
2007), and CeVO4 (Mahapatra et al. 2007; Mahapatra et al.
2008) have attracted most scientific attention for their high
photocatalytic activities. Contrarily, BiVO4 as an important
fundamental material has received great interest because of
its potential applications in various fields, such as photocat-
alytic degradation of organic pollutants (Zhang et al. 2007),
air purification and water splitting (Kato et al. 2004),
ferroelasticity (Hazen and Mariathasan 1982; Lim et al.
1995; Lim et al. 1992), ionic conductivity (Hirota et al.
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1992), and organic dye (Galembeck and Alves 2002; Zhang
et al. 2006b). Furthermore, BiVO4 exists in three different
phases, monoclinic sheelite, tetragonal zircon, and tetrago-
nal sheelite structure (Kudo et al. 1998, 1999). The photo-
catalytic properties of BiVO4 are strongly related to its
crystal phase; for example, the photocatalytic activity of
monoclinic phase is much higher than that of other two
(Kohtani et al. 2003). BiVO4 with monoclinic structure
shows relatively narrow band gap energy (2.4 eV) compared
to that of BiVO4 with tetragonal phase (3.1 eV). Over the
past few years, synthesis of monoclinic BiVO4 has been
accomplished by several methods such as metalorganic de-
composition (Galembeck and Alves 2000), hydrothermal
treatment (Liu et al. 2003; Yu and Kudo 2006; Ke et al.
2009; Sun et al. 2009), coprecipitation (Ke et al. 2008; Chen
et al. 2008), solid state reaction (Sleight et al. 1979; Gotić et
al. 2005), and sonochemical technique (Zhou et al. 2007).
Nonetheless, most of these synthetic strategies have only
brought further BiVO4 materials with large crystal sizes and
low surface area. Thus, it serves a serious problem for their
photocatalytic applications because a high surface area is
required to speed up the adsorption/desorption kinetics of
organic pollutants on the surface of BiVO4 (Zhou et al.
2010a). In addition, the activity of pure BiVO4 still needs
to be improved due to its poor adsorptive performance and
difficult migration of photogenerated electron–hole pairs
(Gotić et al. 2005).
Recently, a great progress has been developed to fabricate
porous materials, by using surfactants or soft templates
(Zhang and Zhang 2009; Ren et al. 2009; Shang et al.
2009; Yin et al. 2010; Xu et al. 2011). However, all these
strategies to improve the surface area of BiVO4 materials are
less favorable from the technological point of view, as they
may add impurities and increase the overall cost of produc-
tion, thus rendering large-scale technical production diffi-
culties. As a result, it is of great importance to develop new
synthesis strategy to fabricate meso/macroporous mono-
clinic BiVO4 photocatalysts with high surface area to
improve the photocatalytic activity. To the best of our
knowledge, the preparation and photocatalytic activity of
meso/macroporous BiVO4 has not yet been systematically
reported.
Herein, for the first time, meso/macroporous BiVO4
photocatalyst was prepared by using an amorphous BiVO4
gel as a precursor under hydrothermal method. It is found
that the addition of melamine as a template in starting
BiVO4 gel materials played a vital role in controlling the
size of porous BiVO4 particles. Further, the as-prepared
monoclinic porous BiVO4 hierarchical particles demonstrate
an outstanding spectral selectivity compared with polycrys-
talline BiVO4 and showed higher photocatalytic activities
for degradation of Congo red (CR) aqueous dye solution
under visible light irradiation.
Experimental
Photocatalyst preparation
The preparation procedure of meso/macroporous BiVO4
particles consists of two steps. Firstly, vanadium stock so-
lution was prepared by stirring stoichiometric amount of
NH4VO3 (Kanto Chemical Co., Inc, Japan) in distilled water
for 20 min. Then, a known amount of Bi(NO3)3·5H2O
(Wako Pure Chemical Industries) was dissolved in 4 M
HNO3 aqueous solution. Further, as-prepared both stock
solutions were mixed together, respectively, according to
Bi/V molar ratio of 1 to obtain a greenish yellow suspen-
sion. Then, NH3·H2O solution was added dropwise until the
pH reached 7. The suspension was aged for 24 h and
resultant precipitates were filtered, washed five times with
ethanol and distilled water, respectively, and dried in a
vacuum oven at 80 °C for 8 h. In a second step, the as-
prepared 1 g of BiVO4 precursor gel was mixed with 5 g of
melamine (Kanto Chemical Co., Inc, Japan) and hydrother-
mally treated at 180 °C for 2 h. The system was allowed to
cool to room temperature and the corresponding final prod-
ucts were dried at 60 °C in air for 2 h. Furthermore, the as-
prepared powders were calcined in a muffle furnace at
600 °C for 2 h in air to increase BiVO4 porous structure
and crystallinity. For comparison, we also prepared poly-
crystalline BiVO4 powders without melamine addition
keeping other experimental conditions constant.
Characterization
The powder X-ray diffraction (XRD) patterns of the as-
prepared samples were obtained on an X-ray diffractometer
(MX-Labo; Mac Science Ltd.,) using monochromatic Cu
Kα (0.15418 nm) at 0.02° scan speed. The accelerating
voltage and the applied current were 40 kV and 25 mA,
respectively. Scanning electron microscopy (SEM) images
were recorded by (JEOL JSM-5310MVB, Japan) at an
accelerating voltage of 10 kV. Transmission electron mi-
croscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) analyses were conducted using JEM-
1200EX electron microscopy (JEOL, Japan) operating at
120 kV. The nitrogen absorption–desorption isotherm was
obtained at 77 K by a nitrogen adsorption apparatus
(Autosorb-1MP; Quantachrome Instruments, Boynton
Beach) utilizing Barrett–Emmett–Teller (BET) calculation
of specific surface area and nonlocal density functional
theory calculation of pore volume and pore size (diameter)
distributions. Raman spectra were recorded at room temper-
ature using a micro-Raman spectrometer (Renishaw InVia)
in the back-scattering geometry with a 514.5-nm Ar+ laser
as an excitation source. UV–vis absorbance spectra were
obtained for the dry-pressed disk samples with a UV–vis
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spectrophotometer (Jasco, V-550, Japan). Fine BaSO4 pow-
der was used as a standard.
Evaluation of photocatalytic activity
Photocatalytic activities of BiVO4 samples were evaluated by
the photocatalytic degradation of CR under visible light using
300WXe lampwith a 420-nm cutoff filter as a light source. A
beaker of 100 mL was used as a reaction vessel, and the
distance between the lamp and the solution was 20 cm. The
experiments were performed at room temperature as follows:
0.1 g of photocatalyst was dispersed into 20 mL of CR
aqueous solution (1×10−5 mol L−1). Prior to irradiation, the
suspensions were magnetically stirred in dark for 10 h to
ensure the adsorption/desorption equilibrium between the
photocatalyst powder and the solution. At an interval of
15 min, 5 mL of suspensions was centrifuged to remove the
photocatalyst powders and 3 mL of CR aqueous solution was
used for analyses. After each analysis, the extracted CR aque-
ous solution was restored into the beaker. Evaluation of the
photocatalytic activities of the photocatalyst was conducted
by recording the variations of the absorption band maximum
through a UV–vis spectrophotometer (Hitachi U-3010). CR
dye concentration was analyzed by recording the variations in
the absorption band maximum at 497 nm. The decolorization
pseudo-first-order reaction and its kinetics may be expressed
as ln(C0/C)=kt, where k is the apparent reaction rate constant,
C0 is the initial absorbance of aqueous CR dye solution, t is the
reaction time, and C is the absorbance of aqueous CR at t,
while k is determined by a linear regression method.
Results and discussion
Phase structure and morphology
The influence of the melamine addition on the formation of
BiVO4 crystalline phase has been investigated by XRD. The
XRD patterns of the BiVO4 samples prepared at different
conditions are shown in (Fig. 1). After annealing at 600 °C
for 2 h, the as-prepared products exhibited sharp peaks
indicating high degree of crystallinity. All the diffraction
patterns are well indexed as pure monoclinic BiVO4
(JCPDS 14-0688 with a=5.195 Å, b=11.701 Å, and c=
5.092 Å), indicating the introduction of melamine did not
change the lattice structure of BiVO4. Furthermore, the
diffraction intensity of porous BiVO4 sample increased with
respect to polycrystalline BiVO4 sample and no diffraction
peaks assigned to melamine were observed, which also
suggest that BiVO4 is single phase. Furthermore, it was
expected that as-synthesized porous BiVO4 particles would
have high photocatalytic efficiency due to their distinct
monoclinic phase structure and high intensity.
The representative microstructure of polycrystalline and
porous BiVO4 particles are shown in Fig. 2. The image in
Fig. 2a demonstrates that the polycrystalline BiVO4 parti-
cles obtained without melamine is well crystallized with
large particles of 800–900 nm in size. Generally, photocat-
alytic activity decreases as particle size increases because
the number of active photocatalytic sites decreases with an
increasing size. Figure 2b, c shows typical SEM image of
hierarchical meso/macroporous BiVO4 structures, which are
composed of several pores with an average of 400–600 nm
in diameter. According to the above observations, the as-
prepared porous BiVO4 sample consists of several
meso/macropore channels interconnected with bigger parti-
cles. Also, it is well known that the thermal decomposition
of melamine leads to the formation of condensation prod-
ucts like melam, melem and melon, and ammonia gas.
Further, the incorporation of melamine in our experimental
system resulted in the liberation of vapors and gases, which
probably might have played an important role for the for-
mation of BiVO4 porous microstructures. Further, the well-
developed porous structure and morphology of BiVO4 sam-
ple were also confirmed by a high-magnification TEM and
HRTEM image. Figure 3a shows typical TEM image of
spherical meso/macroporous BiVO4 particles with an aver-
age crystallite size of 500–600 nm. The crystallite size
estimated based on TEM micrographs matches well with
the size calculated by SEM observation. Figure 3b shows a
typical HRTEM image of porous BiVO4 particle recorded
on the edge of the nanoparticles. The clear lattice fringe
indicates the high-crystallinity and single-crystalline nature
of the porous BiVO4 nanoparticles. The fringe spacing of
0.255 nm agrees with the spacing of the (020) lattice plane
of monoclinic BiVO4. It has also been reported that small
grain size and high crystallinity provide higher photocata-
lytic activity for the increased reactive sites and promote
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Fig. 1 XRD patterns of meso/macroporous and polycrystalline BiVO4
particles obtained in the presence of melamine along with the standard
XRD pattern of monoclinic BiVO4
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electron–hole separation efficiency (Amano et al. 2008).
Thus, as-prepared meso/macroporous particles were expected
to show enhanced photocatalytic performance.
Raman spectra of BiVO4 samples
Raman spectroscopy is helpful in examining the local struc-
ture of the synthesized BiVO4 meso/macroporous particles.
The Raman spectra were recorded from wave number in the
range of 200–1,000 cm−1. Figure 4 shows the Raman spec-
tra of as-prepared samples. The Raman spectra obtained on
hydrothermally prepared meso/macroporous BiVO4 parti-
cles show the same features as previously reported on poly-
crystalline BiVO4 powders prepared by metalorganic
decomposition method (Galembeck and Alves 2000). All
four characteristic Raman bands at 330, 375, and 821 cm−1
of monoclinic sheelite structure are well documented (Li et
al. 2008; Madhusudan et al. 2011). A strong band at around
821 cm−1 is attributed to the symmetrical V–O stretching
mode and a weak shoulder at about 716 cm−1 can be
assigned to antisymmetric V–O stretching mode (Zhang et
al. 2008). The bands at ca. 330 and 373 cm−1 are attributed
to symmetric V–O (Ag) bending mode and antisymmetric
V–O (Bg) bending mode of VO4, respectively. The signal at
373 cm−1 is stronger than that of 330 cm−1 because of
the symmetric defaults in VO4 tetrahedral. The peak position
at 205 cm−1 can be attributed to the external modes
(rotational/translation) (Zhou et al. 2010b). Further, the inten-
sity of the peaks increases with the addition of melamine. This
can be attributed to the formation of larger number of
meso/macroporous and broader range of size distribution.
Fig. 2 a–c SEM images of
polycrystalline and meso/
macroporous BiVO4 particles
Fig. 3 a, b TEM and HRTEM image of meso/macroporous BiVO4
particles showing the lattice fringes
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Fig. 4 Raman spectra of meso/macroporous and polycrystalline
BiVO4 particles
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BET surface area and pore size distributions
The nitrogen adsorption–desorption isotherms of as-
prepared samples are shown in Fig. 5. The polycrystalline
BiVO4 sample displays type III (Brunauer–Beming–
Deming–Teller classification) isotherm, which characteristi-
cally indicates that weak interaction between N2 molecules
and the samples. In contrast, porous BiVO4 sample shows
type IV isotherms with very narrow hysteresis loops at
relative pressures between 0.2 and 1.0, indicating the pore
size distribution in the mesoporous and macroporous region
(Sing et al. 1985). At lower relative pressure, the shape of
the hysteresis loop is of type H2, suggesting the existing of
ink bottle-type pores. While at high relative pressure range,
the hysteresis loops is of type H3, indicating the presence of
slit-shaped pores (Jiang et al. 2009; Xu et al. 2008).
Moreover, the adsorption branch of nitrogen isotherms
shows a steady increase at P/P0 approaching unity, possibly
due to the presence of macropores (>50 nm). In fact, the
mesopores and macropores are formed within the BiVO4
and large inter-aggregated pores formed between BiVO4
particles. The pore size distribution (inset in Fig. 5) is broad
in the range from 3 to over 60 nm. It shows mesopores with
pore diameter about 3.4 nm and macropores at about
48.5 nm, which are associated with the smaller voids within
BiVO4 particles and the textural larger pores that are formed
between particles, further confirming the existence of
mesopores and macropores. These results demonstrate the
formation of hierarchically nanoporous structures in porous
BiVO4 sample on a multilength scale. In general, the porous
structures are extremely useful in photocatalysis because
they assure an efficient transport of reactant and product
molecules, in addition to facilitating the absorption of
pollutants for degradation. Table 1 shows BET surface area,
pore volume, and average pore size of as-prepared samples.
Photophysical properties
It is well known that the optical absorption of a semicon-
ductor is closely related to its electronic structure. The UV–
vis diffuse reflectance spectra of polycrystalline and porous
BiVO4 samples are shown in Fig. 6. Significant differences
in the absorption edge between the polycrystalline BiVO4
and porous BiVO4 sample were observed. All samples
shows strong absorption in the UV–vis region from 200 to
550 nm. A steep absorption edge at 519 nm of polycrystal-
line BiVO4 sample spectrum indicates that the visible light
absorption is due to the intrinsic band gap transition. It is
presumed that melamine decomposition at high temperature
leads to the formation of loose and porous BiVO4 particles.
Interestingly, as can be seen, the absorption edges of porous
BiVO4 sample are red shifted with comparison to that of
polycrystalline sample suggesting a decrease in crystal size.
Furthermore, the enhanced optical absorption property of
porous BiVO4 results mainly from the multiple reflection of
incident light in the mesoporous particles. The absorption
edge of a spectrum reflects the energy difference between
the top of the valence band and the bottom of the conduction
band. That is to say, the band gap of the semiconductor can
be calculated from the absorption edge. Further, the
Kubelka–Munk function based was employed to determine
the band gap. For the indirect band gap semiconductor, the
relation between the absorption coefficient (a) and photo
energy (hν) can be written as:
a ¼ Bind hn Egð Þ2=hn ð1Þ
where Bind is absorption constant for indirect transitions. α
can be determined from the scattered and reflectance spectra
according to Kubelka–Munk theory (Patterson et al. 1977).
The indirect band baps estimated from the Kubelka–Munk
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Fig. 5 Nitrogen adsorption–desorption isotherms and the correspond-
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Fig. 6 UV–vis absorption spectra of as-prepared samples
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function are ca. 2.34 and 2.13 eV for polycrystalline and
porous BiVO4 samples, respectively, which are consistent
with previous results (Tokunaga et al. 2001; Zhang and
Zhang 2009; Stoltzfus et al. 2007). Compared with poly-
crystalline BiVO4 particles, the band gap of porous BiVO4
particles slightly decreased, presumably due to particle size
resulting from porous structures. This indicates that the
meso/macroporous BiVO4 particles have a suitable band
gap for photocatalytic decomposition of organic contami-
nants under visible light irradiation.
Photocatalytic properties
Because of the unique structure and high BET-specific sur-
face area, the meso/macroporous BiVO4 particles may pos-
sess high adsorption capacity towards degradation of
pollutants in water. Thus, the photocatalytic performance
of as-prepared samples for the removal of CR aqueous dye
solution with a major absorption band at 497 and 347 nm
was chosen as a model organic compound. Figure 7 shows
the temporal change of absorption spectra of dye solutions
exposed to visible light as a function of time in the presence
of porous BiVO4 sample. As shown with the increasing
photodegradation time, the absorption peak intensity of
CR solution drops gradually and almost disappears after
60 min, exhibiting excellent photocatalytic activity in the
degradation of CR over the as-prepared sample. Figure 8
shows the comparison of photocatalytic activities of as-
prepared samples. It is demonstrated that the self-
degradation of CR is extremely slow; only 3 % of CR is
photolyzed after 60 min irradiation. In contrast, when
BiVO4 samples as photocatalysts were added in the CR
solution, the degradation efficiency of CR significantly in-
creases and no new peaks in the UVor visible region could
be noticed. The results suggest that, in the presence of
polycrystalline BiVO4 or porous polycrystalline BiVO4,
CR die solution can be completely removed. Furthermore,
it is clearly seen that the degradation rate of the samples
obtained in the presence of melamine is quite higher (90 %
in 60 min) than that of the polycrystalline BiVO4 sample
(55 % in 60 min). It is quite obvious that melamine addition
in experimental reaction system has a positive influence on
the photocatalytic activity of the as-prepared porous BiVO4
samples. Figure 9 shows the amount of absorbance of CR
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Fig. 7 Absorption changes of CR aqueous solution in the presence of
meso/macroporous BiVO4 particles under visible light irradiation
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Fig. 8 Comparison of photocatalytic activities of as-prepared samples
for the photocatalytic decolorization of CR aqueous solution
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aqueous solution as a function of time in the presence of as-
prepared samples. This result clearly shows the important
role played by melamine in the observed degradation of CR
aqueous solution. The photocatalytic decolonization of CR
aqueous solution follows a pseudo-first-order reaction. The
determined apparent rate constant k for as-prepared porous
BiVO4 materials had the highest k value (0.04 min
−1) in the
photodegradation of CR, while polycrystalline BiVO4
particles (0.0140 min−1) decreased compared with that of
porous BiVO4.
According to the above experimental results, the enhanced
photocatalytic activity of hierarchical porous BiVO4 materials
can be attributed to the combined effect of several factors.
Firstly, porous structures allow light scattering inside their
pores, which enhances the light harvesting and thus increases
the photogenerated electrons and holes to participate in the
photocatalytic decomposition of the contaminants (Yu et al.
2010). Secondly, hierarchical porous structures could facilitate
transportation of reactants and products on the photocatalyst
surfaces and results in the easy chemical reaction (Zhang and
Yu 2003; Wang et al. 2005). Last but not least, the large
specific surface area and high crystallinity factors influence
the photocatalytic activity of porous BiVO4 sample.
In addition, further controlled experiments show that the
porous BiVO4 particles can be easily separated from the
slurry system by filtration or sedimentation after photocata-
lytic reaction due to their high density and good mobility.
Figure 10 shows the results of three successive CR aqueous
dye solution degradation runs keeping other experimental
conditions constant. It can be clearly seen that photocatalytic
efficiency does not show major loss after three recycles and
only a slight decrease in photodegradation efficiency is
observed, indicating that the as-prepared porous BiVO4 ma-
terials are relatively stable and do not photo-corrode during
the reaction process.
Conclusion
In summary, meso/macroporous BiVO4 materials with 400–
600 nm in diameter were synthesized by a simple hydro-
thermal treatment, with the assistance of melamine as
morphology-directing agent. The formation of the porous
materials proceeds via a two-step process: first, the amorphous
precursor gels were prepared, and then, in the presence of
melamine, the gels were transformed into monoclinic BiVO4
hierarchical bimodal porous materials. The as-prepared po-
rous BiVO4 material exhibits dense voids between and within
porous particles which shows much higher photocatalytic
activity than the polycrystalline materials for degradation of
CR aqueous dye solutions under visible light irradiation,
suggesting potential use for other future applications. In addi-
tion, this result may be extended to synthesis of other visible
light-induced photocatalysts with suitable band gap and high
activity for the environmental purification of organic pollut-
ants in aqueous solution.
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